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ABSTHACT 


Matnematical models of the heat transfer in cooled 
Ges-turbine blades have little empirical justification. 
if tne flow phenomena that influence heat transfer could 
be photographed more accurate estimates of the heat 
Ee@iisoterred in a Cooled gas turbine could be made. 

In view of the high temperatures and tne expense of 
@peratings a gas turbine, tne first stage of a cooled 
Peewcurvillie Was Operated in a Water tunnel. Sincé only 
wieminlet puide vanes and the first stage rotor were 
available, a support assembly had to be designed and 
Soeistructed to hold the turbine components and sufficient 
ow NMacaeto be previded to turn the rotor. 

The open-channel water tunnel in the Hydrodynemics 
Laboratory was modified in order thet a test section ~ 
large enough to accommodate the gas turbine could be 
installed. A support assembly was designed and constructed 
POGeViewcrurbine which provided adequate radial and axial 
SUmpo@eree incorporated in the support structure were a 
pressurized grease system, independent coolant (dye) 
Svevetoweand contraction surfaces to accelerate tne flow 
Limon y le turbine blades. 

Upon completion of the assembly and of the installation 
of tne test section, a series of thirteen testing: runs 
Wepeemeceviucye.,  ALtér the tnird test, significant repairs 
had to be made to the accelerating surfsces. During final 
series of tests nhotograpchs were taken of tne dye emerging 
irom tae rotor blade tins. 

The quaiity of the photographs was vitiated by 
SUSU eee wee eitine, perallax, ard refraction. 

Fur Cierra WeS evident tial operating conditions 
conducive to flow visualization would be fur from Reynolds 
Similarity. 

Riferts will havé to be initiated to refine the 
photographic techniques employed if satisfactory resolution 
MilemiCiin Mi weeom to De altained. ff these obstacies cohld 
be overcomed, tne results would enable designer to develop 
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more effective gas-turbine cooling systens. 
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Pepe oN RODUC Tt LON 


Materials currently employed in the manufacture of 
Mes-turbine blades liwit turbine-inlet temperatures to 
valves below 2000 ° F unless some form of blade cooling 
is used. Since the maximum efficiency and specific vower 
of pas turbines increase with increasing inlet gas 
temperature, advances in uncooled turbine ratings are 
dependent on devoloping better metals. If gas turbines 
could operate for lone periods at temperatures over 2000 i By 
the performance, i.e. weight per shaft norsepower and 
Ceercuency could be improved substantially. 

An alternative anproach to high-temperature design 
which «asses the metallurgicsl problem is to cool pas-turbine 
blades. In such a system. turbine-inlet temperature may be 
raised several hurndrec degrees over blade temperature. 

Brown (1) Sleweaestigt am ancréase in T.1.7. trom 1250 : F 

to 2200 ° F ina typical gas turbine with intercocoling and 
Gat excuanger but no reheat would raise tne efficiency from 

Momo) to 46.0 per cent and reduce the srecific mass flo« from 

G25to 22 lb/hp h. 

These results havé genérated great interest in the 
investigution of blade-coolins techniques. Tf en optimun 
cooling system is to be developed, a thorough knowledge 
of heat transfer through the blades and an understanding 
of tne phenomena that influence it are essential. Ainley e? 
has shown that there is a significant difference in the 
local heat-transfer coefficient obtained in a stationary 
cascade (3) aeeeune distribution found in an operating 
turbine. Apvarently, secondary flows produced by non- 
uniform conditions in the flow approaching the turbine 
blades, stream turbulence, and the centrifugal effect on 
the boundary layer produce this change in heat transfer oo) 
Menieat retwewes to be optimized through the blade 
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Powemetne Mepitude, extent, end location of secondary flows 
must be determined. Jurthermore, an understanding of the 
effect of cooling flows on secondary vortices, boundary- 
iayer crowth, separation, and turbulence would facilitate 
the design of more efficient cooling systems. 

Previous investigations of secondary flows have been 
dimited principally to stationary cascades. This work is 
discussed in Appendix A. Several attempts have been made, 
e.g. reference (18) to visualize secondary~flow phenomena 
@oeradial compressors. dovever the interaction of dis~ 
charge cooling flows with normal turbine flow regimes has 
not been photographed in a stationary or a rotating medium . 
The results desired from the present research are firstly 
a qualitative determination of tne flow patterns which 
occur in aifferent circumstances and a consequent improve- 
ment in the theoretical models on which analytical heat- 


Meaoei er predictions cen be based. 





Ii. Procedure 


The visualization of flow patterns in an operating 
gas turbine was virtuelly impossible due to the high 
temperature experienced. However if Reynolds numbers were 
Couserved, inuil mementum similarity could be achieved. 

Thus it was decided to operate the ges turbine in a water 
rig. The large increase in viscosity would cause a 
Suvcmantial medvevion in velocity, and thus a condition 
more conducive to flow visualization could be investigated. 
tnataeily 2 facalatyt@nicn vias compatible with the 
mequirements of the experiment, i.c. flow rate and turbine 
size hud to be located and constructed. Since only the 
first-stage rotor and stator were available for testing, 
@ support system had to be designed and constructed. 
Medationally a casing for the gas turbine nad to be 
manufuctured. The casing had to be aprroximately the ssnme 
diameter as the inset guide vanes. 

lf flow regimes were to be xchotograprned, it was 
Tewetive mw onates Uniiorm velocity distribution entered the 
pelevecuide vanes. Thie could be achieved by accelerating 
Vieweiroy throuen an annular contraction. 

The ability to photograph the epressing coolant flovis 
iad to be incorporated into the design. There were several 
SeeaosOr 'nterest: nowever areas between the blade would 
Pecurrest we Wwse of fiber-optic bundles. In view of 
problems that would be encountered in providine an access 
hop wetcomoimeaLe, only the dye traces exiting the rotor were 


photograpned. 


The experimental cork vas divided into tvo major phases, 


Lest-erevmousconatruction aud data collection. 
Initially tne original open-channel water tunnel was 
dismantled and dimensions vere determined for the desien 


Steet he Nee Breet section. “Aeetest section was fabricated 





ieemetmmoutaide contractor while modifications were underway 

on the water tunnel. An" A " frame was built to Support the 
Giffuser. The new support and the original steel fr:me 

mére relocated and the aiffuser was mounted on the supports 

to establish prover alignment with the contruction section. 
ioe mati ise daipes Were drillveq an placed and the two sections 
were joined by 8 5/8-inch bolts end a 4/8-inch rubber gasket. 
This completed the modification of the water tunnel ( see 
figure B-4 ). 

Due to long disuse, the water tunnel required sone 
maintenance prior to testing. The 90% elbow on the discharge 
pipe was removed and the plate valve on the pipe ( see figure 
b-2 ) was inspected. The lifting mechanism for the plate 
valve was freed and lubricated. The valve was cycled several 
bames to ehsure proper operation and to verify the accuracy 
meee Valve-position indicator. The filter system which 
consisted of four screens mounted on steel frames were 
removed and cleaned. Accessible debris contiguous to the 
filter box was removed at this time. Other areas resedily 
Soc or DLO e mmc terienceo Corrosion were cleaned. All 
Original components were réeassezbled in prevaration for the 
ves iar. 


Nest eetemmoltors, Sletor mounting aSssenbly was built. 


Tne bearing housing, O-ring supports. bearing spacers, and 
Spline sleeve were machined in accordance with design 
Speciticautiene.s ihe outer reces, bearing scacer, ard 
retainer rings were pressed into the besring housing. 

The urstream inner race and O-ring support were pressed on 
to the spline sleeve. The sub-assembly was inserted into 
the bearing-housing assembly. The inlet guide vanes were 
mounted on to guide~vane suvnort plate and secured with 
hose clamps. The support crlate was mounted on to the 
rotor. The downstréam O-ring supvort and bearing inner 


race were presoed or to the rotor. The housing assembly 
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Bearing Housing 


Ficure IJ=-1 
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Upstream View Of Rotor 


Figure II--%4 





Downstrean View Of Rotor 


Figure JI-4 
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Inlet Guide Vanes And Supvort 


Pacure [1-5 
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Wes presseag on to the rotor. During the final ascembly, 
only the spline sleeve was pressed on to tne spline sheft. 
A locking nut was placed on the end of the rotor shaft 

thus preventing any relative movement between the rotor and 
the bearing housing. 

Lic sgeiietetmommnie AiNtouspuLce Vanes with respect 
to tne rotor was maintained with a circular disk mounted 
on the end of bearing housing. Over-sized holes were drilled 
Maem ine disk gnc the support brackets thus est®blishing 
eget and axial flexibility. Final alignment hed 
achieved by utilizing feeler fauges. 

GCoucurrent with rotor / stator assembly the test section 
was prepared for acceptance of the rotor. A circle of 16 
3/8-inch holes and four 1.0-inch strut holes were drilled 
ithe test section. Then, the rotor / stator assembly 
was inserted into the test section and aligned with the 
Peis Of tne test@scetion with the bolts suxporting the 
Buide vanes. Tne four struts were attached to the 
bearing housing and subsequently Botted to the snell. 

Once the rotor / stator assembly wes firmly mounted 
ieeOplne UMSUmeecttou tie Cyewend (crease systems were installed. 
The bese of the blade tnat was chosen to carry the dye 
Meo sealed since normal cooling alr is not pumped to each 
blade separately. The rotor dye system proceeded from 
the discharge of tne pump to the blade by way of a support 
strut and the hollow core of the rotor. The grease system 
tubing was inserted in one of tne other struts. ‘the inlete- 
guide-vane dye system was installed subsequent bormtac 
Cereteucrion, of the upstream contraction. 

Moe foundation of the upstrean contraction was 
formed from laminated pieces of styrofoam. .A body of 
Pe Ol Omememconstructed witm a third-order curve for 


a protile, 


Ls 








Figure I1I-+8 


Tne annular outer section wos Pettey bunrivowith wood 
CGY ar ein i ekeecencnt. Eventually the wood was removed and the 
cavities were filled with pieces of styrofoan ( see results 
the styrofoam surfaces were coated with Wiel erecr Paris 
and in turn the vlaster was sealed with a primer and marine 


epoxy paint. This completed the construction pnase of the 
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). 





experiment. 

Memmi tarvesySteig were tested prior to Lifting 
the test section into the tunnel. The spray patterns and 
flow rates of the dye system were verified, md the prease 
system was pressurized. After a complete set of 
Satisfactory tests, the test section was mounted into the 
water tunnel. | 

several preliminary tests were conducted. During the 
original test runs, gasket leaks were repaired, back pressure 
Mawes Veriéd to determine realistic flow rates and turbine 
RPM for photographing tne dye traces, and lignting schemes 
were investigated. An intermediate series of tests was 
conducted to ascertain the dye concentration most conducive 
Momv2Sualization. 

The final tests were performed exclusively on the 
mead@=-tip coolane sysvumm. Dye flow rate and rotor speed 
was Varied to determine their influence on cooling flow 
Ps per 510nmeelGemuvemtraccs were pnotographed directly 


iirOUuch tiweva@ ease pert Of the test section. 





Til. RESULTS 


The test section with the gas turbine installed is 
Peiustraveeinetapumes Iif= i,2, and % The results of 
Bae first Serzes Of tests are jliustrated in figures I1i-~ 
oat One tinaencinieae on tests which resulted in 
photograpns of the dye traces produced by the simulated 
coolant flow egressing from the rotor blade tips are 
Mmigvetrated 1meinmeecmei t= 7.0.9, and 10. 

Pipgume Teche ys the comoleted test section. The 
rotor and stator are in place, the acceleration surfaces 
mice dfiot dec dmmimice lente laaa Viewing port is secured, 
and the struts containing the dye and grease systems «are 


Phased. 
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Tese Sect... oh. 


Figure 1II-1 
Diol? Snows the test section installed in the 
Pech Uti i1)t@@ Screen was mounted between Lhe 


tev momemine test section. All poaotoxzrapns of the 
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operating rotor and the dye traces were taken through 


the Viewing port as snown in the figure. 
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Ope cacsn, Confticuration 
Figure Tilt-e 
Figure Ill-3 shows tne cavity down-strean of the rotor 


where tne dye traces were photographed. The rotor is not 





Downstream Cavity 


Ficure aoe 
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Operating and the cavity is empty. This is the orientation 
Gmeetie camera and the Tignt intensity employed during 
initial testing runs. 

Figure I1I-4,5,6 show the test section after the 
first series of testing runs. Figure IfI-4 shows the test 
Section just after it was removed from the water tunnel. 
ieesiagiter@screrteis svild an place and the cracks in the 


plaster are barely distinguishable. 





Pagures tit5eand 6 illustrate better the extent of 
mime Cracksmenm the contraction surface. No pnotographs 
Of the damage to the downstreaz vortion of the plaster 


were taken, 








Figure III-5 





Figure IIT-¢ 


Aitver tne compressor surfsc=s were repaired, the test 


See 


pOmmeveamere-anstelléd in the water tunnel end several serics 
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t 
Peeves aevere oeriormed Gn the rotor. Figures IlI-7,8,9, end 
OS 





fmomare tie results oi these tests. 





Dye Treces Run I 
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Dye Traces Run II 
Fipvure J1I--5 
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Dyce fraces Run Tit 
Figume iTi-9 





D¥@ Treces Run IV 
ere T11-10 
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Several additional photographs were taken; however 
dye visibility was very poor and the results were not 


miciwuced an this report. 


(Ze 





casko tite Z 
00 2A#geeparaey OF & 


eee o@? D@e' 68g grey. eae ahr. 


» 





a 


- . 


_ 


veers, 0808 of 


a7 
© 7 


IV DISCUSSION OF RESULTS 


Several setbacks were experienced during the construction 
oimtme imcuyuallation Of the test section. The press-fittings 
of the different components of the support assembly for the 
Mermrore proved to be very difficult. Several of the surfaces 
that were pressed had to be re-machined. Interference 
fits above 0.001 LOmemoOlowot an inch distorted the bearing 
races and caused malfunctions of the roller bearings. 
MogavroOnally, the rotary O-rings vroduced a significant 
amount of torque. After the parts were re-machined, the 
torque produced by the supvort assembly was below the 
anticipated torque developed during the tests. 

The bearing housing Was sniaciined to the O.D. of the 
bearings for only half its lengtn. This simplified the 
mMacaining;; however it significantly complicsted assembly. 
Pventumlly the bearing housing was bored out to the O.D. 
meee bearings for ats entire length. 

As outlined ian the description of the apparatus, radial 
Weorixial a liemnient were controlled with the support 
plate mounted on tne bearing housing. Considerable difficulty 
waS experienced in achieving properly alignment witnout 
an occasional rub between the stator and the rotor. {It 
Maiev Lett eal this point that a more sophisticated adjustment 
system would have eliminated the many hours spent on 
alignment. 

The suprort of the inlet puide vanes with a radial 
Circle of bolts vroved to bé far superior to What was 
aeicioaved. Yhe bolts formed such a rigid structure thet 
the four large struts at tre upstream end of the bearing 
1ousing were not necessary. The bolts did have a_ tendency to 
cant the individual guide vanes if the bolt was not 
poSitioned close to the center of the vane. This added 


TOPs Drool en ol Maintaining proper blade=<tip cleamarices. 
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The dye systems functioned well during the tests; 
however the isolation of individual blades was rather 
eemplrecated. Normally, the coolant enters from large 
pleriums: thus the hollow blades are not air or water 
tae at . 

The oripinal contraction surface was built with a 
wood foundation. IJ1t was anticipated that the plaster and 
the epoxy sealer would prevent the water from reaching the 
wood and causing any distortion. Figures 11J-5 and 6 
mpaacate the damage resulting from the wood swelling. Tne 
seizing of the rotor was caused by the wood in the outer 
annulus expanding and compressing the inlet guide vanes 
Onto the rotor. All wood was subsequently removed and 
Peplaceéd by Styrofoam. Styrofoam proved to be a very 
Ped, watertight foundation for the acceleration surfaces. 
No problems were experienced with the styrofoam during the 
second series of tests. Some of the plaster used to fair 
Boesotruts and dye tubes did break off curing the final 
Mests. this, nowever, did not jeopardize the tests. 

The photographic results achieved during the final 
Pesta “were Ol Merginal benefit and quality. Lighting, 
reiraction, and parallex vitiated the resolution and 
Getanataon of the photorrapnns. Although tne dye traces 
were visible to the eye, the camera was incapable of 
Pmmeoouctime tnaem on film. The viewing port limited the 
amount of light that could illuninate the field of view. 
Consequéntly, tnere were conflicting photographic 
Megquirements. On the one hand, reduced exposure tine was 
desirable due to the movement of the rotor, and on the 
other increased exposure time wovld have admitted more 
Peent CO Ene ie1m. Lighting and camera limitations thus 
prevented the achievenent of satisfactory photographs. 

The visualization of secondary-flow phenomena was 


dependent on coolant ( dye ) flow rate, turbine speed, and 





flow rate. The dye patterns observed cannot be 
considered indicative of normal turbine overating 
conditions. Low-speed flow conditions suitable for flow 
visualization were considerubly below those for Reynolds 
Seteeeairaty. Purthermore, the abrupt exovansion of the flow 
@eeer it passed tnhroush the rotor produced unreelistic 


flow patterns. 
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VeConeiLuUS LNs 


Although the apparatus designed and partly developed 
for the visualization of secondary-flow phenomena in 
cooled gas~turbine tlades functioned well, the actual 
construction would have been simplified if emphasis was 
placed on maintenance and repair. Any trouble-shooting 
required an inordinate amount of time to perform. 
Additionally, special tools had to be built to assemble 
and disassemble the rotor assembly. The capability to 
repair or inspect any component should have been 
incorporated in the design. 

As mentioned previously, rotor alignment and blade-tip 
clearance were extremely sensitive. A more positive means 
of control such as employed in the chuck of a lathe would 
nove tacilitated alipnnent. Positioning of the rotor 
assembly in the test section was hignly dependent on the 
location of the struts and the radial bolts. This was 
meeonpiisied Mantially wath ratner crude instruments. 
Mechanical layout and constructicn would have been far 
more desirable, i.e. the test section should have been 
fraiviled end tapped in a lathe. 

The problems encountered with macnine&d parts could 
have been precluded if assembly of the rotor housing was 
performed in the machine shop. This would have assisted 


es ard tne O-ring suoports. 


an the pressing of the bearing 
ieee tooo gan foundation for the contraction surface 
proved to be far suverior to the wood. If more time was 
available, it vould have been highly desirable to contour 
the surface flush with the ecge of the inlet guide vanes 
and tnus eliminate tne need for plaster. Due to the many 


mnterterences, the construction of such a surface was not 


compatible with the time schedule. 
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PietomevcCcntM aon fipurossb=7.0.9, and 1O that 
considerable work has to be done to improve the quality of 
PiemuNevOgraplio. It) lipnting and oglical problems were 
solved, it is still questionable whether the results 
would be meaningful. Only at extremely low flow rates 
would streamlines be visible. Under these circumstances 
considerably more laminar flow would be present than is 
Mormieally found in the operating turbine. Thus the 
ultimate objective of the investigation, the duplication 
of momentum transfer in the blade passages, would not 
be attained. However furtner research could be of benefit 


Boetne theoreticians Since current mathenatic modes mre 


predicated on very little empirical data. 
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VI. RECOMMENDATIONS 


Tne open-channel water tunnel employed in this 
experiment possessed several valuable characteristics; 
however tnere were some fentures that warrant improvement. 
The plate valve on the end of the discharge pine could not 
be operated while water was flowing through the tunnel. 
Petiore SOphisticated turning inechanism witn possibly a 
motor-operated hand wheel is recommended. The remotely- 
controlled gate valves in the pumping system were difficult 
omcontrol. in order to cope with this deficiency, tw 
persons were always present when the rig was operating. 
This 36 a major disadvantage and would require extensive 
Momrtications to correct. 

Considerable difficulty was experienced in 
photographing the dye traces in the water. It is 
recommended that thourht be given to installing a permanent 
dignting system in the tunnel dovnstream of the rotor. 
Space 1s available, and this would reserve the viewing 
more @xciusively to photography. Additionally the inner 
Suriac® ol tiaewtes, section snould be painted a color more 
conducive to dye detection. Use of tne coherent fiber- 
Sool ceDumteemvas Not Ccomoatible with the time schedule of 
this experiment. The use of this test alone could produce 
meStCHhIIieant improvement in tne quality of the pnotommupns. 

As mentioned in the conclusion, it would be desirable 
VomCi@imieamesertaircly the use of plaster of raris. The 
styrofoam woula nave to be sealed with an alternative 
Substance since the epoxy voaint reacted with the styrofoan 
Cone. 

In retrospect, the selection of material for 
PwolTcatsoumeereconditacons similar to those experienced in 
CMe pene nteis very Amportart. trequently the most 
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expedient, economical choice is not the most desirable. 
In turn thought must be given to the dynamics of the 
Situation. Seals and joints must be constructed 
properly, for nominal pressure gradients will cause 
Pedkoeltt Cie Maitlin@esuriaces are not compatible. Brute- 
force, onewinchethick gaskets, and gobs of sealer should 


be avoided if time and money permits. 
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A. SUPPLEMENTARY BACKGROUND INFORMATION © 

The National Advisory Committee for Aeronautics has 
sponsored many investigations relevant to the feasibility 
and the effectiveness of different blade-cooling techniques. 
Initial work dealt with analytical estimates of the benefits 
of increased turbine-inlet temperatures. Other independent 
endeavors by Brown (1) and Burke (7) have resulted ina 
common conclusion. If a cooling system can be adapted 
efficiently to a gas turbine, significant increases in power 
and reduction in size and fuel consumption could be achieved. 

Once it was determined that cooled turbine blades 
represented a promising solution to the problem of higher inlet 
temperatures, several different cooling. systems were developed 


and subsequentlyevaluated in experimental turbines. 





(6) (8) (9) 
10 Tubes 15 Fins 34 Tubes 
Figure-I 


Figure I illustrates three of the first concepts 
developed. In each of tne three cases, the blades were 
pula tf pon eculon Shells with either tubes or fins installed 
Vo pulde the floyv of the cooling air and to enhance heat 
Ws Co ee munnee ono pOsals were effective in lowering 
the temperature of the blade at the mid-chord point on the 


pressure and suction side of the blade} however none of the 





schemes were capable of lowering the temperature at the 
leading or the trailing edges. It would appear that all of 
these cooling systems would discharge a substantial amount of 
air into an operating turbine thus increasing compressor 
demands and disrupting the desirable flow characteristics of 
eiemeur bine.  Ultamabely excessive cooling air could vitiate 
PHiememprovem=nts derived from higher T.1.T.'s. Since only four 
vlades, each of the type illustrated above, were installed in 
eSreeniiieontal tupbanes, the eifect of the cooling systém on 
overall turbine performance was not evaluated. Subsequent 
tests were performed by NACA on flat plates with transpiration, 
film, and convection-cooling systems (10) | inorder tO Ccomrtare 
the effectiveness of each scheme, gas velocity and gas 
temperature were maintained constant; however laminar and 
turbulent flow with and without radiation were simulated. For 
laminar flow it was determined that three times as much coolant 
flow was required for optimum convection cooling as was 
required for transpiration coolang. Ihe difference in coolant 
meguarements anereased disproportionately for increasing 
coolant flow. Hence in applications where strong cooling is 
required, transpiration cooling is far superior to convection 
cooling. If an sbnornial amount of radiation is present, the 
advantages of transviration cooling are reduced. In | 
turbulent flow the same characteristics were observed; however 
Au OpiMimmeconvectton COOlime the quantity of air reauired 
was only 1% times the soars ey for transpiration cooling. 
tierce weteaturmerot faim cooling was that it could effectively 
cool specific locations and could approach the effectiveness 
of the other methods by increasing the number of slots. (10) 
Concurrent with the investigation Of ele COOL INE sySvem 
was a program at NACA to determine the nature of secondary 


Gila) 


flows in turbomachinery The objective of this 


research was the verification of current predictions concerning 


(13) 


the nature of secondary flows. Squire and Winter and 


oa 
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Hawthorne derived expressions for the value of the 


secondary conponent of vorticity. Experiments on cascades 
conducted by Armstrong (15) Hag loch (16) and Louis 7) 
Neve SubStantiated this theoretical work if there are small 
Viscous effects and no separtion. A photographic study by 
NACA on a series of blades in a cascade Produeved Some WWery 
valuable. S Peng ee) By passing air through the 
cascade and varying the pcsition of a smoke. probe, several 
photographs at different orientations were taken. The 
photographs verified the existence of a corner vortex located 
in the corner formed by the suction surface of the blade 
ena thre cascade wall. The pattern appeared to originate 
well up in the passage and was definitely not a trailing- 
edge phenomenon. The researcners questioned the applicability 
of current two- and three-dimensional analyses of flow 
patterns in the wall region due to the complexity of the 
flows observed, and they concluded that secondary flow had a 
profound €ffect on the ore hecoel flow patterns in the cascade. 
More recently, Senoo, Yamaguchi, and Nishi Ge) 
attempted to photograph three+dimensional flows in a radial 
comuressor. The compressor was operated at very low 
Reynolds numbers in order to facilitate the utilization of 
flow-visualization tecuniques. The photographs obtained 
were extremely effective in illustrating secondary-flow 
phenomena. The superposition of a series of photographs 
where the dye was admitted at different positions was 
particularly informative since bulk-flow-pattern interactions 
were very evident. The authors of the papers felt that even 
though Reynolds similarity was not maintained during tne 
test the results were indicative of normal operating 
conaitions. The Potions further concluded that secondary 
flow varies with operating conditions and the clearance 


between the casing and the impeller, and this complicated 


oD 





phenomenon can be synthesized from a few, well-known 
simple secondary flows e.g. corner vortex. 
Several unanswered questions still require investigation. 
Even though secondary flows were visualized in an axial- 
tlow turbine cascedé, the influence of centrifugal force 
was not prevalent. This force modified the value of the 
local heat-transfer coefficient when results for an 
operating turbine (2) were comnared with a stationary cascade 


(3). 


Thus it is not unreasonable to expect a similar 
deviation from the results obtained by Herzig oe 
Putnermore the anilvence of inlet nozzles and a second-stage 
Stator have not been included in any of oie previous 
investigations. Senoo (28) observed that the development 

of secondary flows was strongly dependent on the clearance 
between the casing and the impeller. Thus the presence of 
the nozzles and stator could significantly modify earlier 
results. Finally, the contribution made by the cooling 

flow to tne developing flow patterns of the turbine have 


heretofore not been pnotopraphed. 
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Peo ccOnIPrrONn OF APPARATUS 

The open-circuit water tunnel located in the 
Hydrodynamics Laboratory was the testing facility that 
was utilized for the present experiment. The advantages 
given by this system were the following: adequate flow rate, 
geometric compatibility, and exclusive access for the 
duration of the testing period. 

The open-circuit water tunnel was originally designed 
with a 7% inches by 9 inches closed-jet working section 


(19) 


with a maximum velocity of approximately 50 fps ive tie 
are two independent flow systems which supply the water 
tunnel. The systems receive water from three centrifugal 
pumps which have rated capacities of 8,000; 4,000; and 

3,000 gallons per minute at heads of 40 feet. The flow rate 
Heoeremoavely Contwolled by means of motor-operated values 
located on the discharge side of the pump. The three pumps 
take suction from a 75,000 gallon storage. Figures B-j, 
B-2, and B-3 indicate the general arrangement of the system. 


The water tunnel as viewed in figure B-I was modified 


to accommodate the gas turbine ( maximum 0.D. 21.0 inches ). 


The standard test section was removed, holes were drilled in 
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Vieeitlanwzes or the adjacent sections to provide for 
SCout oolttsweanaetne 9.0 foot diffuser was joined with 
the contraction section. The original downstream suoport 
frame was re-located and an additions] vertical support 
was installed to augment the supvorting capacity of 

the tunnel. The new arrangement increased the working 


diameter of the test section from approximately 8.0 


mileii@s FO 29.) Inecli@s, SUlitei1ent space for the turbine. 


ey 





Figure Be4 

peveral components of tim basic tunnel proved to be 
very benciivew@ectmsog the tests. The four filter screens 
located just upstream of the contraction removed foreign 
matter from the flow, attenuated eddies preated by the 
24-inch elbow, and smoothed the velocity distribution. 
The guide vanes installed in each of the go0° elbows 
minimized separation and suppressed secondary flows. The 
permanently installed venturi ( see figure B-3 ) vrovided 
e Means Of measurine flow rate. Finally, the platé valve 
mounted on the discharge pipe regulated back pressure in. 
the tunnel and thus prevented the inception of cavitation. 
Furthermore, the plate established an even, radial 


discharge of thé flow into the resevoir which in turn 


provided a steady suction head for the circulating pumps. 
The new test section made for tne present experiment 
was fabricated from 3/16- inch rolled-steel plate. The 
thickness of the plate was in accordance with original 
iit sos len Clitceriawe UAamensvons of ~Lne section were 
Gecated by the Space remaining after modification of the 
tunnel and the size of the flange on tne diffuser. A 
Peoeinen by t2.0 anch vievare port was included in the 
Pest section to facalitete minor repairs and to monitor 
overall turbine operation. The longitudinal joint of the 
test section was welded on both sides while the 3/6 inch 
flanges wére welded completely on tne inside and tack 
welded only on the outside. This was in keeping with 
tunnel-design procedures. Non-d2estructive tests were 


Hot pertormned on the welds. 





Figure B-5 


* 


A A=inch plexiglass plate was manufactured to cover 


the viewing port. The slate was heat treated and then bent 


4 | 





to the uesired curvature. The curvature was subsequently 
modified during installation with heating lamps since 
the wvlate apparently changed curvature when cooling. 

The Allison 501 gas turbine with first-stave cooling 
was the turbine employed in the tests. The inlet guide 
vanes and the first-stage rotor are built with cooling 


cavities to which compressor bleed-off air is supplied. 
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Figure B-6 


The inlet guide vanes, guide-vane supports, and 
first-stage rotor were mounted in the test section with 
primary emphasis on duplicating normal operating conditions. 
ine rotor wasesupported byewWeoair of tapened-roller 
bearing that were installed in a fabricated bearing-housing 
Sleeve. The down-stream bearing was located on the rotor's 
normal bearing surface while the upstream bearing was 
pressed on to a brass sleeve. The brass sleeve was in 
turn pressed on to the spline shaft of the rotor. Two 
brass spacers were installed between the bearings to 
maintain the proper relative positions of the inner and 
the outer races of the bearings under rotor thrust. The 


bearings were rated at 3,500 ft-ib, well within the 


Ave 





limits of the tests ( see Appendix D. ). To r«rserve 

ine sDeerligs, tie entire bearing ascsemoly was enclosed 

in a pressurized grease chamber. The grease was contained 
by tne rotor, the béaring housing, and tvo brass spacers. 
(ie spacers acted as supports for two rotary o-rings. 

The o-rings were rated at 800 psi pressure differential 
and 500 rpm. The system was pressurized remotely 

tarourh poly-flo tubing Witn a standard grease gun. Rotor 
thrust was transmitted to the test section through a 
*jJocking nut, the bearings, the retainer rings, the bearing 


housing, and finally the support struts. 
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Rotor Support Assembly 
Figure B-7 


The inlet guide vanes and guide-vane support were 
supported by a plate mounted on the end of tne beering 
hCUsSINGS iemeverscize noles in the bolt circle of the 
suprort plate were for adjusting the radial position of 
the guide vanes with respect to the rotor. The series of 
brackets that attached tne supvort plate to the bearing 
housing had a slot in each for adjustment of axial 
alignment. Tne guide vanes were held in position by 


three steel strips areund the periphery of the ascembly. 


8 





Additionally, the inlet guide vunes were supiorted by a 
Berries Of radially oriertéaq bolts. ‘hese bolts provided 
mou only vertical support, but also furnished suprort 
against the thrust developed by the rotor and stator and 
assisted in aliyning the assembly with the axis of the 


test section. 
TEST Fis | 
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Figure B-8 


The Unreescunuts on the upstreamMend of the bezring 
housing provided vertical support for the bearing housing 
and functioredeas conduits for the poly-flo tubing that 
carried the dye and the grease. Two independent dye 
systems were installed to carry dye to the inlet guide 
vanes and to the first-stage rotor. iach dye system 
required special fittings since normal cooling air enters 
che» Olades iy cneeetarg®s, plenum which could not be used in 
the present arrangement. On the rotor, the test blade was 
sca eds andpamcmall mellow needle injected the dye into the 
cavity. ‘The needle was adapted to a standard 90° eloow 
ft Cline, seldom cuvas Dumped from a small reservoir to the 
Tattving Chreougmes series of pieces of poly-flo tubing. A 


Svecial rovsryerrerane With O-ring was built to transfer dye 
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Rotary seal 
Figure B-9 


Construction of the dye system for the inlet guide vanes was 
complicated due to the narrow opening in the base of the 

blade that admitemthe cooling air. A syecial adapter was 
built that inserted into the guide-vane orifice on one end and 
accepted a standard poly-flo fitting on the other. A single 
piece of tubing carried the dye directly from the discnarge 

of the punp to the guide-vane adapter. The tubing was 


imbedded into the surface of the upstream flow contraction. | 
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Inlet Guide-Vane Dye Injector 
Hal Ubete Tey s5k8, 
45, 





Each dyc system was serviced by a ctparate pump, and the 
pumps took suction through a filter system from a single 
reservoir. Potassium permanganate was the dye employed in 
the tests because it eventually bleached out and thus 

did not contaminate tne reservoir. 

The flow accelerated smoothly into tne inlet guide 
vanes througn a contraction upstream of the guide vanes. 
The inner hub was mounted on the bearing~-housing sleeve 
and the outer surface was situated between the inner wall 
of the test section and the tips of the inlet guide vanes. 
The foundation of tne surface was styrofoam. The styrofoam 
core was sealed with plaster of Paris and the plaster surface 
was coated with marine epoxy paint. The epoxy paint was 


impervious to water and exhibited excellent bonding strengtn. 





Figure B-1ll ° 


All photographs were taken with a Foloroid 450 camera. 
A special close-up attachment was utilized in the 


photographing of the dye traces. 
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CVSUMMARY OF RESULTS 
(MAR clap igerteancOronoloprcal listing of the 


SwGbemteeLeadliGes Ol Gece vest run and a brief statement 


Of the results: 


Results 


Large leak developed between contraction 
section and diffuser, secured to 


accomplisn repairs - 


2 7 May 10 Min. naples toetill cavity downstream of 
rotor, several heavy leaks eround view 
POhUmonomaprut holes, noted rather 
severe rub in turbine, secured to 
adjust back-pressure rlate and repair 
leaks 


1.5 Min. 








RhoviGiieseticensihied, rotor Seized, 





securea CoO investigave problem 


Several heavy leaks existed around 
Viewing port, support struts, and 
upstream best section ilange; secured 


Concer aLr 


Some leaks still existed around 
Viewing port and support strut; back 


DPRessure too Low; secured to correct 


12 May ie Man. Leaks still present however tolerable, 
DaAcin Dreosiine and flow rate improved, 
meugirumulurnine —SsinOoounily, mo rub, 
secured to set uv dye systems. 


AT 










Duration Results 
OO ian. Dye systems tested, dye traces were 
Very weak; however systems functioned 
well, back-pressure plete needed 
adjustment, leaks tolerable, secured 


to darken dye and adjust plate 


Dyee traces Still very weak, parallax 
Pwo bated viewing of inlet~ zuide- 
vane dye traces, back pressure 
satisfactory, lighting schemes were 
evaluated, secured to darken dye and 
Ipreve Tirenting 

22 Min. Varied dye fiow rate and rotor RIM, 
dVvemcamcemtlratzon ansuiiicient to 
PHOLOrrapl, contrast very poor, 


secured to adjust dye system 


10 12 May 2) Masry Apparently sediment from the bottom 
of reservoir was entrained in the 
TLot svatver was very cloudy; secured 


Mom ntoyecervoir sert le. 


de: 15 May 4O Min. Installed new lignting system, new 
systen improved dye trace visibility, 
LOOK Several photographs wita close=- 
vp lens on camera, varied Llignting 
and €xposure time, wrable to pick 


up dye traces in photogranbhs. 


12 15 May 60 Min. Supplemented ligenting system with 
addition light. emvloyed standard 
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rest Date jursac oe 


13 


Results 


ficcimeaueociment, resolution and 
dates ii ll Very poor, dye 
PeacCepecledryy Visible, secured 


to improve lighting 


Photogranned dye traces, definition 


Hogelvwesaetvisiactory, Lighting still 
needs imcrovement, parallax prevented 
photogaphing of dye egressing from 


irlet guide vanes, secured to consider 


new lighting systems 





Note: when the tunnel was secured, the pumps were shutdown 


and all 1iguid was drained from the system. 
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D. Summary Of Calculations 
Design-point operating characteristics for the Allison 


501 gas turbine: 


la 163i: fps, hie 0.769 
W,= 878 fos, M = 0.414 


W, en 718 fps, 


Inlet Velocity Triangle 
Figure D-1 
C5= 1464 fps, M = 0.708 
W5= 802 fps, M = 0.388 


CS = ALS fps 
We i) 


Outlet Velocity Triangle 
Figure D-e 


u = 960 frs 
NoOzZ Zueme py daa. 7-0 11. 


aera) © mae 


nozZle hub dia. 
N = 13,820 rpm 
inlet erea = 0.378 sa. ft. 

mass flow rate = 39.0 lbm / sec. 
Eiawemenerd) = 0.626 in. = 0.0521 ft. 


Determination of operating conditions at Reynolds 
Sata ard tye 
assuming for the combustion gases entering 
Cmewnevor K = 1.35, 
a =/kkRe T 
and M= V 
S10) 





therefore J = Wo mex 


k RE. Mo 





CpeleCe test Cee OLOnmInlet ) = 1975 og 
bil loan bpaous rovom -outle UC 
k Re M ; 
Cc 


or fT (Static, rotor outlet) “= 13580 ae 


Given, me 34.0 lbm / sec but m = PVA 
= 0 
ieee 0.572) 
(Statommeiietom= 0.14506 lbm / cu ft. 
Lp). =. 1975 
Fe 2 Tog 9 Oe 


therefore (rotor outlet) = 0.1240 lbm / cu. ft. 


Computing Reynolds number for normal operation, 


vi py, 


Senin = 
Re Serlere ) (0.1240) (0.0522) 
norm eon one > 
(CRO Se Tue) =) 
_ D 
aes Sooeax LO 


in order to maintain Reynolds similarity, 


Re = Re 
= 


norm xp 


therefore ge ec x (EO 
epee \"( — ap 


\' Mama SOL OMB & oY 33 
The inlet axial velocity at Reynolds similarity, 
= ey ees 


assuming (experimental) = 62.4% lbm / cu ft. 


2 


therefore m =pVA 
CEE EG ley 597163) 


rye 
u! 


m= 744 lbm / sec. 
or oy Omer. 
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Determination of torque developed at reynolds similarity: 
PeovwecuLer  S Mquation 

ive) —_ Eel 

: Gret vorgue ) = ge (r.Co-r C-. | 
Ma 07 70. Bpm 

rave = We9D 

Co = 66138 fos 

Cq@,= 13.8 fps 


Themenemem | oLGuc m= *7 4900 7:95 ( 66.8-13.0) 
Sere 2a O 


SHOnOert = Ubs. 


I 


Torque 
tarculation of rpm seinen inlet velocity triangle, 


We 60 See 37 
960 ~~ 719 


or U exp = 43.7 fos 
N = U x 60 





iH 
Si 
~ 
ra 
S) 
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eS 


Predltees 21. 
Nee 


N = 630.0 rpm. 


i 


Results for Reynolds similarity: 
Gainletmaxtaleve locitys) = 42.7 {ps 
5,770 gpm = 244 bm / sec. 
630.0 rpm 
( net ) 870.0 ft - lbs 


Cc 
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VarvetlOnwemmenpenaline scondi1tions With inlet axial velocity: 
m = pVA 
Since p and A are constant then 


moe 2 INO) = RXV = Ky xo, 


where hee = kA 
Ver vat lonee rarer gue 
SS < (r. Co.-n.Co,) 
assuming inlet and outlet velocity triangles 
remain similar at reduced speed then Ce, and 
C are functions of Cy Gonibeteoxial velocity ), 


Ses 
Sc 





Finelly, 


therefore T = PVA Ge x Cg 


gc 
ee NOs = ke 
2 
a Ke oe 
where Ky = A ce Gl Oume 
gc 
|) les 160) 
d 
and it te Ky oS 
where Ko = £9 x Ke. or ee 


Peounene anlet velocity trian e. 





1 
K, = 23.6 
a el 870 
penn 2.7) 
K, Onde 
a C = oy 
x 
K, = 19.25 
m N Jt 
2506 on 3 0.814 
VLSI Seg 20mes 
246.0 193.0 81.40 
Det 269.0 OS .G 
492.0 Boo. 0 Lene 
5IC.o 482.0 508.0 
COTO 27760 (2-0 
74h 0 620.0 870.0 


oe 


2 


is determined 


K, =PA= ( 62.4 ) ( 0.3578 ) 


HP 


0.000475 
0.0594 
0.475 
ee Ole 
3.79 
(x0) 

HZ ICO 
16.61 
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